in the defense against P. aeruginosa. SP-A was shown to
The hydrophilic surfactant proteins (SPs) A and D are olisignificantly more tumor necrosis factor (TNF)-␣ than the gomeric glycoproteins that belong to the family of calciumwild-type mice (11) . Contrary results were published by Phelps and coworkers, who demonstrated that purified proteinosis dependent, collagenous C-type lectins ("collectins"). These SP-A can stimulate TNF-␣ secretion by THP-1 cells (12) . collectins appear to be involved in innate, first-line immu-P. aeruginosa is an important cause of noscomial pneunity (for review see Refs. 1, 2). SP-A and SP-D are synthemonia and sepsis, and an important pulmonary pathogen sized in the lungs by alveolar type II cells and Clara cells, in cystic fibrosis. Nonmucoid strains of this organism are and are secreted into the alveoli and distal airways (3, 4) . responsible for most cases of nosocomial Pseudomonas Both SP-A and SP-D can interact with a variety of pulpneumonia. Ineffective clearance of nonmucoid bacteria monary pathogens. Specific binding of these collectins has can result in the proliferation of bacteria with a mucoid, previously been demonstrated to gram-negative (Pseudomalginate-producing phenotype. In addition, chronic endoonas aeruginosa, Escherichia coli, Klebsiella pneumoniae) bronchial infection by P. aeruginosa can be associated with or gram-positive bacteria (Streptococcus pneumoniae, Staphchanges in the O-antigen composition of its LPS. In particuylococcus aureus), Mycobacterium tuberculosis, viruses (inlar, the LPS synthesized by the bacteria can convert from fluenza A and respiratory syncytial virus), fungi (Cryptococthe smooth to a rough serotype expressing few short cus neoformans, Aspergillus fumigatus), and Pneumocystis O-linked side chains (13). Levels of SP-A and SP-D have been shown to be decreased in the lungs of patients with cystic fibrosis (14) (15) (16) .
(Received in original form May 14, 2002 was introduced into the assay system together with the SP-D. This amount of purified P. aeruginosa-LPS used in this study had no effect on TNF-␣ production, when tested alone.
Bacteria, Cells and Cell Culture
Bacteria. Clinical isolates of P. aeruginosa from stable, but chronically infected, patients with cystic fibrosis were serotyped using
Isolation of P. aeruginosa LPS
O-antigen-specific antisera, grown on tryptone soya agar plates (Oxoid, Basingstoke, Hampshire, UK) and harvested after over-LPS from P. aeruginosa was extracted by the phenol method acnight growth at 37ЊC. The pyocin type was routinely obtained as cording to Westphal and coworkers (27) . Freshly grown bacteria an epidemiologic marker of P. aeruginosa.
were stirred in 90% aqueous phenol at 68ЊC for 1 h. After cooling Fluorescein isothiocyanate labeling of bacteria. Overnight culon ice, the suspension was centrifuged (1,700 ϫ g, 60 min). The tures of bacteria on agar plates were suspended in phosphateaqueous phase containing LPS was separated and extensively diabuffered saline (PBS, pH 7.2). After centrifugation, the bacteria lyzed against H 2 O to remove phenol. Contaminating nucleic acids were resuspended at an OD 623 nm of 1.5 (1.5 ϫ 10 9 colony formwere precipitated by the addition of 6% cyteltriomethylammoniing units [cfu]/ml) and sedimented again. Then the bacteria were umbromide (Serva Electrophoresis GmbH, Heidelberg, Germany) resuspended in 0.1 M sodium-carbonate buffer, pH 9.0. Fluorescein at 4ЊC overnight. Precipitated nucleic acids were removed by cenisothiocyanate (FITC; Sigma-Aldrich), prepared in low-endotoxin trifugation (1,700 ϫ g, 60 min). NaCl was added to the supernatant dimethyl sulfoxide at 10 mg/ml, was added to a final concentrato a final concentration of 1 M. Then the LPS was precipitated two tion of 0.1 mg/ml. The bacteria were incubated on a rotation cycler times by the addition of ten volumes of ethanol 96% at 4ЊC for for 1 h at room temperature in the dark. FITC-stained P. aerugi-3 d. After centrifugation (12,000 ϫ g, 30 min) the precipitated LPS nosa were washed four times in PBS, and aliquots were stored at was dissolved in 1 M NaCl, dialyzed against H 2 O, and dried in a Ϫ80ЊC (23) . Four clinical isolates of P. aeruginosa were characterized according LPS serotype, pyocin type, and mucus production. Bacteria with a rough LPS serotype did not react with an O-antigen specific antiserum. Agglutination studies with SP-A were performed at a maximum concentration of 20 g/ml. Minimum SP-D concentration for agglutination was 2 g/ml. л, no agglutination; ϩϩϩ, macroscopic agglutination. Relative binding of SP-A or SP-D to the different strains of P. aeruginosa is expressed in a semiquantitative manner as described in Materials and Methods. Data of three independent experiments were analyzed. Table 1 , binding is expressed in a semiquantitative proportion of O-antigen is highest for P. aeruginosa 5 and 11.
manner assessing the relative binding of SP-A or SP-D to the different strains of P. aeruginosa at maximal binding. Due to possible differences in the extent or affinity of antibody binding it is not possible to accurately compare the binding signal obtained for the ately examined on a glass slide for macroscopic or microscopic agtwo collectins. glutination. Aliquots of the reaction mixture were dried on glass coverslips and gram-stained for photographic documentation. Control experiments were performed in the presence of maltose or Phagocytosis Assay glucose (100 mM), or EDTA (10 mM).
Freshly thawed FITC-stained bacteria in PBS (1 ϫ 10 7 cfu/assay) were opsonized with surfactant protein or normal human serum (pooled of five healthy donors) for 60 min as indicated. LPSBinding of SP-A and SP-D to P. aeruginosa treated MM6 cells in RPMI (0.5 ϫ 10 6 cells/sample) were added This binding assay was performed essentially as published by Hartto a final volume of 50 l. Free CaCl 2 concentration was adjusted shorn and colleagues, who studied SP-D binding to E. coli or S. pneuto 2 mM. The concentration of glucose in RPMI did not signifimoniae (28) . Microtiter plate wells (Maxisorp; Nunc, Kamstrup, cantly affect the phagocytosis. The final concentration of surfactant Denmark) were coated with suspensions of live P. aeruginosa protein and human serum was 10 g/ml and 2%, respectively. (OD 623nm ϭ 0.1, 100 l/well) in carbonate buffer (Na 2 HCO 3 15
After the incubation for 1 h at 37Њ the phagocytosis was terminated mM, NaHCO 3 35 mM, pH 9.6; Merck Eurolab GmbH, Ismaning, with 1 ml of cold PBS/Ca 2 mM. After washing three times in Germany) and allowed to dry at 37ЊC. Nonspecific binding sites cold PBS/Ca, the pellet was resuspended in 50 l PBS/Ca. The were blocked with 1% gelatin in TBS/Ca for 4 h at room temperaextracellular fluorescence was quenched with the addition of 50 l ture (150 l/well). After washing with TBS/Ca adherent bacteria trypan blue solution (1 mg/ml wt/vol in PBS/Ca) for 2 min on ice. were incubated with serial dilutions (0-10 g/ml) of SP-A and After washing, the cells were immediately analyzed by fluores-SP-D in TBS/Ca with or without the addition of EDTA 10 mM.
cence-activated cell sorting. For each assay cells were incubated After 1 h incubation at room temperature, the plates were washed with fluorescent bacteria at 4ЊC to demonstrate adequate quenchthree times with TBS/Ca and glutaraldehyde 0.25% in TBS/Ca ing as controlled by fluorescence microscopy. was added for 15 min. Reactive sites were blocked with bovine serum albumin 1% in TBS/Ca. Polyclonal antibodies against SP-A (gift of W. Steinhilber, BykGulden) and SP-D (1 g/ml in TBS/
Stimulation of MonoMac6 Cells with LPS or P. aeruginosa
Ca/bovine serum albumin 1%) (gift of K.B. Reid, Department of Biochemistry, University of Oxford, UK [29] ) were then added to P. aeruginosa-LPS (10 g/ml final concentration per assay) or vital P. aeruginosa (1 ϫ 10 7 cfu/ml) from overnight growth on agar each well (100 l/well) and incubated for 2 h at room temperature. The plates were washed three times in TBS/Ca and alkaline-phosplates were preincubated with SP-A or SP-D at different concentrations in MM6-culture medium containing 10% FCS for 15-30 phatase-conjugated goat anti-rabbit IgG (Dianova GmbH, Hamburg, Germany) was added for 1 h at room temperature. After min at 37ЊC. For the SP-D, which contained 10 mM EDTA, the medium was additionally supplemented with CaCl 2 to a final conthree washes with TBS/Ca, 100 l/well of ABTS reagent (Boehringer Mannheim GmbH, Mannheim, Germany) was added and centration of 2 mM of free calcium. Ionized calcium and the pH of the medium conditioned in an atmosphere of 6% CO 2 was incubated until sufficient color developed. The plates were read at 405 nm. A negative signal was obtained for the wells incubated proved to be in the physiologic range by a blood gas analyzer. Vitamin D 3 -treated MM6 cells were then added to a final concenwith SP-A and SP-D (10 g/ml) in the absence P. aeruginosa. Nonspecific binding was defined as binding in the presence of 10 mM tration of 0.5 ϫ 10 6 cells/ml in a volume of 120 l in 96-well microtiter plates, and incubated at 37ЊC for 6 h. After centrifuga-EDTA. Specific binding was calculated by subtraction of nonspecific binding from total binding. Maximum binding (plateau of the tion for 10 min, the supernatant was collected and stored at -80ЊC for cytokine measurement. binding curve) was observed at 1,000 ng/ml of SP-A and 100 ng/ml test using the pooled data of all strains of P. aeruginosa. ***P Ͻ 0.001 compared with control.
TNF-␣ Assay
The TNF-␣ activity in the supernatant of stimulated MM6 cells agglutination of P. aeruginosa required free divalent cations was determined using a bioassay as described (30) . Briefly, the muand was inhibited by maltose, glucose, and mannose. Interrine fibroblast cell A9 was seeded in 96-well plates 18 h before estingly, SP-D-mediated agglutination was observed both assay, at a density of 25,000 cells/well in 100 l medium. Serial for rough and smooth P. aeruginosa (Table 1 ). The minimal dilutions of TNF-␣ standard (50-0.01 U/ml), kindly provided by SP-D concentration required for agglutination was 2 g/ml.
Dr. H. Engelmann (Institute for Immunology, University of Mu-
The absence of agglutination was not attributable to the nich), and samples were then applied together with 50 g/ml cycloabsence of binding because all strains of P. aeruginosa speheximide. After 18 h, the cells were washed and viability was cifically bound to SP-A and SP-D (Table 1) .
assessed by measuring neutral red uptake.
SP-D but Not SP-A Stimulates Phagocytosis of Nonmucoid P. aeruginosa by MM6 Cells Statistical Analysis
To determine whether differences in agglutinatibility of
Statistical Analysis was performed with Prism 3.0 (Graph Pad Soft-
P. aeruginosa by SP-A and SP-D can alter the opsonic ac-
ware, San Diego, CA). Differences among experimental groups tivity, we performed phagocytosis assays with the four nonwere determined by performing ANOVA. The modified t test acmucoid P. aeruginosa strains used for agglutination studies.
cording to Newman-Keuls was applied as a multiple comparison
To ensure opsonization, the bacteria were pretreated with procedure. A P value of Ͻ 0.05 was considered significant. Values are expressed as mean Ϯ SD.
SP-A, SP-D, or human serum 30 min before the assay was started. Opsonization with human serum significantly increased phagocytosis of all four strains of P. aeruginosa by
Results

MM6 cells (Figure 3). Opsonization with SP-D similarly SP-D-Mediated Agglutination of P. aeruginosa Is Not
stimulated phagocytosis of the agglutinating and nonaggluPredicted by the LPS Serotype tinating strains of P. aeruginosa by 2-to 3-fold at a concenWe characterized four clinical isolates of P. aeruginosa with tration of 10 g/ml in the absence of serum (Figure 3 ). respect to the LPS-serotypes, maturation of LPS, pyocinInterestingly, SP-A did not alter the phagocytic uptake at types, and mucin production (Table 1) . To test whether concentrations up to 20 g/ml. The combination of SP-D or SP-A and SP-D interact with these strains of P. aeruginosa, SP-A with human serum also did not result in an additional we initially performed agglutination assays. Two strains of increase of phagocytosis. Phagocytosis required the pres-P. aeruginosa were agglutinated by SP-D (Table 1, Figence of Ca   2ϩ . Although some effects of SP-A on phagocytoure 2). However, no agglutination was seen in the presence sis are nonopsonic and involve direct interactions with the of SP-A up to a maximum concentration of 20 g/ml. The phagocyte (31), preincubation of MM6 cells with SP-A or carbohydrate specificity of SP-D-mediated agglutination SP-D had no effect on bacterial uptake (data not shown). was assessed by repeating the experiments in the presence Taken together, collectin effects on uptake were only obof EDTA and selected carbohydrate ligands of SP-D (data served after opsonization of the bacteria; there was no direct enhancement of macrophage phagocytosis by SP-A or SP-D. are only shown for Ps. 12, Figure 2) . The SP-D-mediated with vital P. aeruginosa with or without SP-A and SP-D at a maximum concentration of 10 g/ml for 6 h. The TNF-␣ activity in the culture supernatant was then analyzed. All four strains of P. aeruginosa stimulated TNF-␣ secretion nosa and its LPS. We demonstrated that SP-D, but not by MM6 cells in the absence of SP-A or SP-D (Table 2) .
SP-A, stimulates the uptake of nonmucoid P. aeruginosa SP-A slightly inhibited the TNF-␣ secretion by MM6 cells by the human monocytic cell line MM6. This uptake rein one strain of P. aeruginosa with a smooth LPS serotype by quires prior opsonization, but does not involve direct cellu-20-25% (Figure 4, top panel) . In contrast, SP-D significantly lar activation, and does not require bacterial agglutination. increased the TNF-␣ secretion induced by Ps. 11 up to 150%
The lung collectins showed relatively small effects on the of control and slightly increased the TNF-␣ release induced cytokine response to living P. aeruginosa. The TNF-␣ reby strains 5 and 20, but significantly reduced Ps. 12-induced sponse to one strain of vital P. aeruginosa was slightly inhib-TNF-␣ secretion (Figure 4, bottom panel) . Thus, the effects ited by SP-A, and SP-D stimulated the cellular response to of SP-D are modest and did not correlate with bacterial both of the smooth strains and one of the rough strains agglutination.
by Ͻ 2-fold. Although SP-A did not alter TNF-␣ response Modulation of P. aeruginosa-LPS-Induced TNF-␣ Release in response to purified rough or smooth P. aeruginosa LPS, by SP-D Is Dependent on the LPS Serotype LPS is a major antigenic component of the outer surface of P. aeruginosa and contributes to the activation of macro- (19, 21, 23, 32) . AgglutiIn contrast to previous results published by others using nation could facilitate the mechanical removal of bacteria different cell systems as alveolar macrophages (17, 37) or from the lungs by the mucociliary clearance and could also THP-1 cells (38), SP-A did not stimulate the phagocytosis increase the phagocytosis of bacteria. In the case of influof vital P. aeruginosa. Similarly, in SP-A knockout mice enza virus, agglutination enhances the internalization by neudecreased phagocytosis and pulmonary clearance of a mutrophils via cellular receptors recognized by the virus (33) . As coid strain of P. aeruginosa was reported (39). Notably, others, we could not detect agglutination of P. aeruginosa by none of the P. aeruginosa strains used for these studies was SP-A (17, 23). However, this is the first study to demonstrate characterized according to the LPS serotype and additional agglutination of vital P. aeruginosa cells by SP-D, and the strain variations, including the effects of alginate producfirst to demonstrate efficient lectin-dependent agglutination tion, or differences in the phenotype of the phagocytic cells of a smooth gram-negative bacterium. The agglutination of cannot be excluded. Because Manz-Keinke and coworkers P. aeruginosa by SP-D depended on the presence of Ca ϩϩ or demonstrated that SP-A similarly enhances the phagocytodivalent cations, and was inhibited by competing saccharide sis of P. aeruginosa growing logarithmically or harvested in ligands, consistent with involvement of the SP-D carbohythe stationary phase, it is unlikely that our finding can be drate recognition domain. However, agglutination of P. aerexplained by differences in the growth phase of P. aerugiuginosa by SP-D was not reliably predicted by the pattern nosa (37). It is also possible that differences in the specific of maturation of the LPS expressed on the bacterial surface.
SP-A preparation played a role; however, the SP-A used Although only two of the strains showed collectin-medifor these studies was functional in other in vitro studies ated agglutination, SP-A and SP-D specifically bound to all with respect to phagocytosis (31, 37), and bound in a lectin-P. aeruginosa strains used in this study via their lectindependent manner to all four strains of nonmucoid organbinding domain in a concentration-dependent manner (Taisms used in our study. colleagues using buffy coat cells (9) . SP-A and SP-D have been shown to enhance the phagoGiven the previously published data, we were surprised cytosis of bacteria as well as viruses and some fungi (for to observe such modest effects of SP-A on the cytokine rereview see Ref. 1). Opsonization of the bacteria with SP-D sponse to smooth and rough P. aeruginosa. Because all bacincreased the phagocytosis of all strains of P. aeruginosa teria bound SP-A to about the same extent, it is possible used in this study by MM6 cells to a similar extent as opsonithat SP-A binding to P. aeruginosa is necessary, but not a zation with human serum. Recently, Restrepo and coworksufficient prerequisite for inhibition. Additional signals difers reported that SP-D could enhance the phagocytosis of fering between various strains of P. aeruginosa, including 1 of 3 mucoid and 2 of 3 nonmucoid strains of vital P. aeruthe specific LPS phenotype, or even differences in the target ginosa by rat alveolar macrophages; these effects were not cells may be of importance. For example, Sano and coworkaccompanied by bacterial agglutination and appeared to ers demonstrated that SP-A does not bind to smooth LPS involve a specific macrophage receptor (19) . Together with (E. coli 026:B6), but markedly inhibits the smooth LPSour findings, this suggests that other ligands than LPS or induced TNF-␣ secretion by U937 (10). Because SP-A can the spatial organization of LPS on the surface of P. aerugibind to the cellular coreceptor for LPS (mCD14), they pronosa may contribute to SP-D induced phagocytosis. Alterposed that this interaction may prevent smooth LPS binding to mCD14. natively, there may be structural differences in the LPS
